Diel vertical migrations (DVM) of zooplankton and micronekton are observed throughout the world ocean, where they influence ecological interactions and biogeochemical cycles. Despite their common occurrence, descriptions of the characteristics of these migrations are currently limited at the large scale. We analyze trajectories of migrations from a global dataset of acoustic backscatter to identify the large-scale patterns of the timing and speed of DVM. Sound scattering layers (SSL) leave the surface 21 6 20 min before sunrise, and return to it 17 6 23 min after sunset, while changes in bulk surface backscatter appear to be nearly synchronous to sunrise and sunset. Mean downward migrations (7.6 6 3.6 cm s 21 ) are significantly faster than mean upward migrations (6.5 6 3.5 cm s
Many species of zooplankton and micronekton migrate vertically in the water column on a daily basis, such that they are found in greater abundances near the surface at nighttime and at depth during the daytime. Concentrations of phytoplankton, the primary producers in pelagic marine food webs, are highest near the ocean surface, and availability of food for zooplankton and micronekton is generally highest near the ocean surface. One of the primary advantages of diel vertical migration (DVM) for zooplankton and micronekton is that they are able to forage at water column depths with high concentrations of food by timing foraging bouts at the surface to be when visual predation is inhibited during twilight and nighttimes (Clark and Levy 1988; Lampert 1989; Hays 2003) . Many components of micronekton, including mesopelagic fish and squids, are visually hunting zooplanktivores, and may exploit intermediate light levels at dawn and dusk, optimizing the tradeoff between increased mortality and enhanced feeding rates near the surface (Clark and Levy 1988) . DVM also influences the metabolism of migrating animals, because the animals encounter variable environmental conditions as they move vertically through the water column (Lampert 1989) . Furthermore, the movements of large numbers of organisms that feed at the surface and metabolize at depth affect the transport and cycling of nutrients, carbon and oxygen in the water column (Longhurst and Harrison 1988; Steinberg et al. 2000; Bianchi et al. 2013) .
The cue for the timing of migration at dawn and dusk is thought to be triggered by a rapid change in irradiance levels (Cohen and Forward 2009) , and zooplankton and micronekton have photopigments that are particularly sensitive to the spectral region at these times of day (Warrant and Locket 2004; Turner et al. 2009 ). It has been hypothesized that migrators follow a particular light isolume to depth at dawn and dusk (Clarke 1933) . While some studies have found that migrators do not swim at the same speed as isolumes (Clarke and Backus 1953; Wiebe et al. 1992; Heywood 1996) , many others support the hypothesis (Kampa 1975; Onsrud and Kaartvedt 1998; Staby and Aksnes 2011) . Irradiance serves as a cue for migrations, which, in many cases, respond quickly to light variations (Kampa 1975; Baliño and Aksnes 1993; Frank and Widder 2002) . In addition to the critical role of Additional Supporting Information may be found in the online version of this article.
irradiance, there is evidence that endogenous rhythms may be important for several species (Cohen and Forward 2009) . The velocity of migration ascents and descents ranges from 0.8 cm s 21 to 30 cm s 21 (Supporting Information Table S1 ), and varies, among others, depending on species (Wiebe et al. 1992; Tarling et al. 2001) , developmental stage , and migration depth (Plueddemann and Pinkel 1989) . Acoustic data provide a remote view of the distribution of sound-scattering organisms in the water column, and are increasingly used to study the properties and the spatial and temporal variability of DVM patterns (Heywood 1996; Jiang et al. 2007; Sato et al. 2013; Irigoien et al. 2014; Cade and Benoit-Bird 2015) . Typical acoustic data, for example from ecosounders or acoustic Doppler current profilers (ADCP), show coherent DVM of sound scattering layers (SSL) that leave the surface near sunrise and return at sunset over most of the ocean. While acoustic data lack information on organism taxonomy, and provide only indirect information on animal abundance in SSL, it is increasingly evident that acoustic data sample an important proportion of the migrating marine ecosystem (Flagg and Smith 1989; Heywood et al. 1991; Luo et al. 2000; Irigoien et al. 2014 ). Mesopelagic fish are major components of SSL (Kloser et al. 2009; Davison 2011; Irigoien et al. 2014; Davison et al. 2015) . In addition to mesopelagic fish, a number of other taxonomic groups undergo DVM cycles, and often co-occur at the depths where SSL are observed (Barham 1966; Roe et al. 1984; Steinberg et al. 2008) .
A recent global analysis of ADCP data showed that the daytime depths of migrating SSL in the open-ocean exhibit regionally coherent patterns, which can be predicted by a combination of environmental factors (Bianchi et al. 2013) . A strong correlation with subsurface oxygen suggested that the distribution of open-ocean oxygen minimum zones may modulate the depths of migration at the large scale, so that SSL migrate to shallower layers in low-oxygen regions, and to deeper layers in well-oxygenated waters. Chlorophyll concentrations, a good proxy of the abundance of light-absorbing substances that control the light penetration in the water column, also showed significant negative correlations with DVM depths.
In this study, we expand a previous analysis of global ADCP data (Bianchi et al. 2013 ) by analyzing the trajectories of vertically migrating SSL (that is, their position in the water column as a function of time) as well as time series of surface backscatter to determine the timing and speed of DVM, and to identify large-scale patterns and relationships to other properties, including migration depths and environmental variables.
Materials and procedures
Analysis of the ADCP data and detection of the DVM properties
We analyzed ADCP data from the U.S. Joint Archive for Shipboard ADCP (JASADCP) and from the British Oceanographic Data Center. The dataset contains ADCP backscatter for approximately 1500 cruises spanning the world ocean, collected and deposited in the data centers between 1990 and 2010. The sound frequencies of the ADCP instruments in the dataset range between 38 kHz and 153 kHz. These frequencies can detect scattering layers composed of organisms ranging in size from millimeters to centimeters (Koslow et al. 1997; Luo et al. 2000) , but they are presumably biased towards organisms containing gas inclusions, for example, gas-filled swim bladders (Barham 1966; Davison 2011; Davison et al. 2015) . Among these organisms, mesopelagic fish are generally considered the most abundant Davison, et al. 2013; Irigoien et al. 2014) .
We selected cruises that show identifiable SSL migrating between the surface (0 m to 150 m) and the mesopelagic zone (200 m or deeper) and that include a daytime deep scattering maximum and the downward or upward components of the scattering layer migration. We refer to these individual migration patterns as DVM events (see Fig. 1 for a typical example). With these criteria, we detected approximately 3400 DVM events from nearly 390 cruises between 1990 and 2010. DVM events are found in all ocean basins and during all times of the year. The spatial and temporal distribution of measurements in the database is shown in Fig. 2 . The vast majority of DVM events ( 2800) in the database are in the tropics, with the Pacific and Indian Ocean having the densest coverage of observations. There are more DVM events from the mid-latitudes in the Northern Hemisphere than mid-latitudes in the Southern Hemisphere, with the lowest number in both hemispheres during the winter months. The fewest DVM events have been observed in the high latitudes, especially in the Southern Hemisphere, where there are only observations during spring and summer months.
Some of the DVM events show nearly synchronous migration of multiple SSL (Plueddemann and Pinkel 1989) , generally organized as distinct strata within broader sound scattering features (Cade and Benoit-Bird 2014) , and separated by vertical distances of order of several tens of meters. When more than one layer was discerned, we detected the layer that returned the strongest acoustic signal. We excluded data when the acoustic backscatter covered only part of the water column, was too noisy, or was characterized by large temporal gaps. We note that, with the exception of coastal and shelf regions, and some high latitude cruises, clear DVM events were generally observed across the world ocean.
SSL migration trajectories
For each DVM event, we calculated the time and location of the SSL near the local noon, which we refer to as DVM depth (Z DVM ). We used the average of two estimates, as previously described (Bianchi et al. 2013 ). In the first estimate, we calculated the average backscatter intensity across a 3-h time window centered at local noon, and we detected the depth of its maximum in the mesopelagic zone. In the second estimate, we located the maximum difference between the backscatter amplitudes around noon and around midnight. Overall, we found a very good agreement between the two methods and we used the average as an estimate of the DVM depth (Bianchi et al. 2013) .
The vertical position of actively migrating SSL were isolated in the following way: for each DVM event, we detected the depths with the strongest backscatter signals from a depth of 100 m to 85% of the DVM depth. The times of the strongest backscatter signals correspond to the passages of the downwards and upwards migrating SSL (shown as white dots in Fig. 1 ). This resulted in series of time-vs.-depth pairs that identify the approximate position of the migrating layers in the water column. A least-squares spline was fit to the passage times of the migrating SSL to determine the vertical positions of SSL in the water column, using the MAT-LAB Shape Language Modeling toolbox (D' Errico, 2009, Shape Language Modeling, MATLAB Central File Exchange, retrieved on 22 February 2012). We refer to these splines as SSL trajectories (Fig. 1) .
SSL trajectories approximated with this method are continuous and differentiable and can be interpolated to arbitrary depths. Using a least-squares fit, we minimize the effect of noise and fluctuations in the backscatter data, obtaining smooth trajectories. Furthermore, the adoption of leastsquares splines allows us to impose general constraints on Table 1 could be calculated are shown (not including the daytime migration depth Z DVM ).
the shape of the trajectories, that we infer from observations. These constraints include: monotonicity (SSL do not reverse direction during the downwards and upwards migrations), upward-facing concavity (the magnitudes of the velocities of SSL increase towards the surface for both upward and downward migrations) and bounded velocities (reflecting the observation that migration speeds fall in the range of 0-20 cm s
21
, see Supporting Information Table S1 ). While these constraints might not apply to few specific events, they are based on properties of the migrations that were observed across the entire dataset.
As a final quality-control step, we flagged and excluded events from the analysis where, in the presence of multiple migrating SSL or strata, the detected passage times shifted between different layers at different depths. Inclusion of these events would bias the trajectory positions and migration speeds and, to a lesser degree, the migration times. Thus, where multiple SSL or strata were observed, the detected trajectories and their properties focused on individual SSL.
SSL migration times
From the SSL trajectories, we interpolated the passage times of SSL at 150 m depth, and referenced them to the local sunrise and sunsets, so that the downward migration time is expressed in minutes before sunrise, and the upward migration time in minutes after sunset. We indicate these times as t SSL sunrise and t SSL sunset , and refer to them as SSL sunrise and sunset migration times. The 150 m depth horizon is deep enough to allow detection of migrating SSL in the majority of the DVM events. Distinct migrations of SSL were observed to start and finish at depths between 50 m and 150 m. Choosing a reference depth shallower than 150 m would reduce the number of SSL passages that could be analyzed. Conversely, choosing a reference horizon deeper than 150 m would miss the upper part of many migration events, and bias the results of the analysis towards the deeper part of the migrations. As a comparison to previous studies that focused on the timing and speed of migrating SSL, the 150 m depth horizon that we adopted here is comparable to the depth interval of 121-190 m analyzed by (Jiang et al. 2007 ) in the subtropical North Atlantic.
SSL migration velocities
We calculated the mean velocities (w SSL ) of the migrating SSL in the upper water column from the DVM trajectories using a discrete approximation for both the downward and the upward migrations, following the equation:
where t SSL (150 m) and t SSL (200 m) are the passage times of SSL at 150 m and 200 m, respectively, interpolated from the trajectories of SSL. These velocities are indicative of the movement of SSL at the beginning and at the end of each DVM cycle, where migrators are fastest. We selected a depth interval of 50 m to provide a form of vertical averaging, and to avoid biasing the results towards the deeper part of the migration, where velocities decrease. As migration velocities tended to be faster in the upper water column, decreasing the thickness of this depth interval (e.g., averaging from 150 m to 175 m) would increase the magnitude of w SSL , but also increase the uncertainty around this value, because fewer observations would be used to constrain it. Despite these caveats, the patterns in vertical velocities were very similar when nearby depth horizons and intervals were tested.
We further compared w SSL from Eq. 1 with the instantaneous velocities from the trajectories over the same depth interval. This approach, based on the time-derivative of the trajectory at each depth, yielded similar velocities and patterns to the results of Eq. 1. The similar outcome of different approaches suggests that our results are robust with respect to the methods chosen. For simplicity, in the rest of the article we will discuss w SSL calculated from Eq. 1, and we will use it to indicate the average migration speed of SSL as they leave from or arrive at the surface.
Bulk migration time from surface backscatter While SSL appear as distinct features in most of the JASADCP backscatter data, they may not reflect the migration of all organisms that undergo DVM. To estimate the timing of migration without relying on the detection of distinct migrating SSL, we determined the timing of change in surface backscatter between day and night. As illustrated in Fig. 1 , the surface backscatter transitions between high nighttime values to low daytime values near sunrise and sunset. We define bulk migration times as the times of these transitions, and indicate them as t bulk sunrise and t bulk sunset . We identified these transitions by applying two different change point detection algorithms (Beaulieu et al. 2012; Ruggieri 2013) to the time series of backscatter averaged between the surface and 150 m depth. These algorithms detect the occurrence in time of the most probable shift in the mean of a chosen variable. We apply the algorithms to the surface backscatter time series, to detect the transition between nighttime and daytime backscatter values. Both methods were generally able to detect these transitions near sunrise and sunset. We discarded events where, for each transition, the two detection algorithms yielded results that disagreed with each other by more than 1 h, and where the detected times were more than 3 h away from sunset and sunrise. The first criterion led to the removal of 15% and 21% of the bulk sunrise and sunset migration times, respectively, and the second criterion to the further removal of 3% of the remaining times. For the valid detections, we used the average of the times from the two change point algorithms.
Results

SSL migration times
The global mean SSL departure and arrival times are 21 6 20 min before sunrise and 17 6 23 min after sunset, respectively (Table 1) . Thus, on average, the departure of SSL from the surface precedes sunrise, and the return of SSL to the surface follows sunset. As shown in Fig. 3 and Table 2 , sunrise and sunset migration times of SSL are positively correlated with each other (Pearson product-moment correlation coefficient r 5 0.50, p < 0.001). Furthermore, migration times of SSL increase with the depth of migration, so that deeper migrations are characterized by earlier departures from the surface, and earlier arrivals to the surface, compared to shallower migrations ( Fig. 3 and Table 2 ).
The geographical distribution of the SSL migration times, averaged over 4 by 48 areas, is shown in Fig. 4a,b . Similar to migration depths (Fig. 4c) , SSL migration times follow large-scale coherent patterns. Early departures (up to 90 min before sunrise) and late arrivals (up to 90 min after sunset) are observed in the subtropical gyres, the western tropical Pacific, the Pacific sector of the Southern Ocean, and the subpolar North Atlantic. Late departures (up to 30 min after sunrise) and early arrivals (up to 30 min before sunset) are observed in the Eastern Tropical Pacific, the equatorial Atlantic, the northern Indian Ocean, and the subpolar Pacific. The SSL migration times mirror many of the geographical patterns evident in the SSL migration depths (Fig. 4c) . This is further supported by the positive correlation between the two variables shown in Table 2 .
SSL migration velocities
The mean downward and upward SSL migration velocities are 7.6 6 3.6 cm s 21 and 6.5 6 3.5 cm s
21
, respectively (Table 1) .
These values are in the range found by other studies (Supporting Information Table S1 ). We find a significant positive correlation between downward and upward migration velocities (r 5 0.46, p 0.001), as shown in Table 2 and Fig. 5 . Figure 6 shows the distribution of the downward and upward migration velocities of SSL with latitude. These patterns are more variable and regionally less homogeneous than the patterns in timing and depth of migration shown in Fig. 4 . This variability could be caused by our methods, because the calculation of velocities amplifies noise and random variations. Despite the variability, large-scale coherent patterns in the velocities of SSL are evident. Migration velocities are highest in the tropical and subtropical bands, and decline towards the high latitudes. This decline is more evident in the Northern Hemisphere. Regionally, the fastest migration velocities (> 9 cm s and North Pacific (3.5-4 cm s 21 ).
Similar to migration times, migration velocities are positively correlated to daytime migration depths (r 5 0.37 and r 5 0.46, p < 0.001, for the downward and upward migration speed of SSL, respectively, Table 2 ). Correlations between migration velocities and times are very weak or nonsignificant when the entire dataset is considered (Table 2) . On average, the downward velocities are 1.1 cm s 21 larger than the upward velocities. When considering all the DVM events for which both downward and upward velocities were calculated, statistical tests indicate that this difference is significant (Kolmogorov-Smirnov test, p < 0.001; two sampled ttest, p < 0.001). We note that in selected regions, asymmetries in the DVM trajectories are more evident, stronger, and systematic than in other regions. For example, many DVM events in the central Arabian Sea show faster downward migration near sunrise (7.6 6 3.5 cm s
) and slower upwards migration near sunset (4.5 6 2.5 cm s 21 ), accompanied by a slow rise of the SSL by 50-100 m throughout the daytime (Fig. 7) . Similar behaviors are also observed in events from the Eastern Tropical Pacific Ocean, suggesting that this systematic asymmetry in the migration may be influenced by the presence of anoxic waters below the surface.
Bulk migration times
Bulk migration times, defined as the times of the transitions between nighttime and daytime backscatter at the surface, are 4 6 26 min before sunrise and 1 6 38 min after sunset, respectively (Table 1) . While only the sunset bulk migration time is statistically indistinguishable from sunset (t-test, p < 0.001), it appears that, considered globally, daynight changes in surface backscatter are practically synchronous with sunset and sunrise. Therefore, bulk backscatter changes lag the departure of discrete SSL near sunrise, and they lead the return of discrete SSL near sunset. The geographical patterns of the bulk migration times are shown in Fig. 8a,b . While the sunrise migration does not show strong large-scale variability, the sunset migration shows geographical patterns similar to the migration depths and sunset SSL migration times (Fig. 4) . The sunset bulk migration leads sunset by up to 60 min in the eastern tropical Pacific, subarctic Pacific and northern Indian Ocean, and follows sunset by 30-60 min in the subtropical and western tropical Pacific and the Pacific sector of the Southern Ocean.
The more coherent geographical variability of the sunset bulk migration times compared to the sunrise bulk migration times is supported by its larger correlation with the migration depth (Table 2) .
Discussion and conclusions
The analysis of a large-scale compilation of acoustic backscatter data from ADCP measurements provides new insights into DVM behavior, highlighting coherent regional patterns in the timing and speed of migrations. Two measures, migration of SSL and changes in bulk surface backscatter, indicate movement of organisms vertically in the water column. Bulk changes in surface backscatter appear to be near synchronous with local sunrise and sunset, supporting the paradigm that the rapid changes in surface light are the trigger for migrations in and out of the surface layers. Migrations of distinct SSL during DVM events were observed throughout the dataset and generally appeared to precede bulk surface backscatter changes at sunrise, and follow them at sunset. These observations of bulk surface backscatter suggest that only a fraction of the migrating organisms form the strongest scattering layer observed in the ADCP data. It appears that organisms in the bulk surface scattering layer respond to different light thresholds (e.g., higher absolute irradiance or rate of change) compared to organisms in the SSL. The temporal separation of the timing of DVM into different stages is presumably driven by taxonomic, life stage, or size differences of the organisms (Frank and Widder 1997; De Robertis 2002; Kaartvedt et al. 2009 ). For example, predatoravoidance hypotheses suggest that larger organisms, which can be identified by visual predators at lower light levels, should begin migrations earlier and end them later than smaller organisms (Clark and Levy 1988; De Robertis 2002) . A combination of net samples, multifrequency acoustic data, and in situ camera systems (Benoit-Bird and Au 2006; Kaartvedt et al. 2009 ), could shed further light on these hypotheses, by identifying the nature and sizes of migrators at different depths and times. The times and velocities of SSL migration show large-scale regional variations. On average, in the subtropical gyres, the western tropical Pacific, the subarctic Atlantic and the Southern Ocean, migrations begin earlier and end later (Fig. 4a,b) . Conversely, in the Eastern Tropical Pacific and Atlantic, the subarctic Pacific, and the northern Indian Ocean, SSL migrations begin later, and end earlier (Fig. 4a,b) . Migration speeds tend to be faster in the low latitudes and decline towards the poles (Fig. 6) . The latitudinal decline in migration speeds is evident in the Northern Hemisphere but not the Southern Hemisphere (Fig. 6) . The decline in migration speeds may not be evident in the Southern Hemisphere because fewer data points are available in the region. Regionally, speeds are fastest in the western tropical Pacific and the subtropical gyres; they are slowest in the subarctic North Pacific, the subarctic North Atlantic, the Arabian Sea and the North Eastern Tropical Pacific. In addition, an asymmetry in migration velocities is evident, with faster downward speeds compared to the upward speeds. This asymmetry is strongest in the central Arabian Sea, where there is persistent hypoxia at deeper depths (Fig. 7) .
The timing, depths, and speeds of migration may be directly controlled by environmental variables including light levels, temperature, and oxygen. For example, if a fixed value or a narrow range of irradiances guide migrations (consistent with the isolume hypothesis), as suggested by several studies (Clark and Levy 1988; Cohen and Forward 2009) , regions with clearer waters should be characterized by deeper migrations. Furthermore, at any given depth, the same level of irradiance would be reached earlier in clearer waters, and later in more turbid waters. In this case, we would expect earlier, faster, and deeper migrations in regions with clearer waters (e.g., the oligotrophic subtropical gyres), and later, slower and shallower migrations in regions with more turbid waters (e.g., upwelling systems and coastal regions). These constraints are consistent with the large-scale patterns in SSL migration times and depths shown in Fig. 4 .
Previous studies noted faster migration speeds during descents compared to ascents, for a range of taxonomic groups including pteropods, euphausiids, and mesopelagic fish (Tarling et al. 2001; Klevjer et al. 2012) . Our analysis supports these observations and extends them to the global scale. The faster speeds of the downward migrations compared to the upward migrations could reflect the effect of gravity, which facilitates downward motion for organisms denser than seawater (Davison 2011) , or, for organisms that follow isolumes during migrations, a preference for dimmer light levels at dawn compared to dusk (Staby and Aksnes 2011) .
Physiological limitations dictated by additional environmental variables, in particular oxygen, could further influence these patterns. Low subsurface oxygen concentrations could be partially responsible for shallower migrations, for example by providing a refuge from large predators in hypoxic waters (Stramma et al. 2012; Bianchi et al. 2013) . Shallower migrations, including those observed throughout the subpolar North Pacific, characterized by strongly hypoxic conditions below the surface, may indicate a tolerance threshold for low oxygen. The presence of low-oxygen waters could also be related to the asymmetries in the downward and upward migrations of SSL (Fig. 7) . In these asymmetric migrations, commonly observed in the central Arabian Sea (Fig. 7) , organisms may swim to optimal depths in anoxic waters to avoid predation, but may not be able to remain there for the entire daytime because of constraints on anaerobic metabolism and other adaptations for low oxygen conditions (Seibel 2011) . The drift upwards throughout the day towards water with higher levels of oxygen may be necessary for the organisms in the SSL to avoid suffocation.
The timing of migration occurs very close to sunrise and sunset in the world ocean (Figs. 4, 8) . The precision of timing may reflect multiple factors. One hypothesis is that the timing of migration maximizes the amount of time migrating organisms forage or hunt during twilight and nighttime, while minimizing predation by visual predators on migrating organisms during the daytime (Clark and Levy 1988; Lampert 1989; Hays 2003) . A second hypothesis is that the most reliable migration cue is light, so organisms respond quickly to light to avoid visual predators and increase survival rates. Lastly, a third hypothesis is that foraging for food, avoiding predators, and using a reliable migration cue, in combination, all contribute to precise migration times at sunrise and sunset. If some of the organisms have an endogenous rhythm for timing of migration (Cohen and Forward 2009) , then perhaps foraging for food and/or avoiding predators are more important factors than the reliability of the light cue itself. However, many pelagic organisms are known to respond strongly and rapidly to light (Kampa 1975; Bali5 and Aksnes 1993; Frank and Widder 2002) , and stay deeper at nighttime when there is moonlight (Benoit-Bird et al. 2009), suggesting that light is the primary factor controlling migrations.
The timing of migration in regions where hypoxic levels of oxygen are found at deeper depths was less precise in relation to sunrise and sunset, with downward migrations occurring after sunrise, and upward migrations occurring before sunset (Figs. 4, 8) . Hypoxia may impact the ability of organisms to respire oxygen at migration depths (Seibel 2011) . By leaving the surface later and arriving at the surface earlier, organisms, which may be able to spend a limited time in hypoxic conditions, may be optimizing the time spent at deeper depths for the times of day when light levels are highest and the risk of predation the greatest. Future work may provide insights into these hypotheses.
Our analysis is subject to caveats, and should be seen as an initial effort to extract large-scale patterns of DVM behavior from acoustic data. We only detected migrations of organisms that form SSLs, and that produce significant backscatter at the ADCP frequencies. A more comprehensive characterization of migrating communities may be possible with a combination of multifrequency acoustics, optical recognition, and in situ sampling. The presence of multiple scattering layers represents an additional source of uncertainty. Future work that allows the simultaneous recognition of multiple scattering layers may reduce this uncertainty, providing additional valuable information (Cade and BenoitBird 2014) . Finally, the dataset used is too sparse to resolve seasonal variability, and the patterns discussed should be considered long-term averages, biased towards tropical and North Hemisphere regions, and summer months (Fig. 2) .
The emergence of global, regionally coherent patterns in DVM behavior as revealed by acoustic data is promising, and indicates that several aspects of the migratory behavior of oceanic zooplankton and micronekton are predictable and can be related to large scale variations in environmental and hydrographic properties. The migration patterns of SSL discussed in this article provide important constraints to studies aimed at parsing the factors and trade-offs that ultimately regulate DVM, including, among others, light-dependent predation and feeding, variations in metabolism due to temperature and oxygen concentrations, and the costs of active swimming. 
